The study presents a computational method for unsteady flows around moving multiple objects using overset unstructured grid method. To capture unsteady flow characteristics, the dual time-stepping method coupled with the LU-SGS implicit scheme is applied to the time integration. Two or more moving boundaries can be treated easily by the overset unstructured grid method. In this study, Chimera-hole cutting is performed automatically along with movement of the objects. For validation, the numerical results for inviscid and viscous flow and the experimental results are compared using the lift coefficient and pressure coefficient distribution of a pitching NACA0012 airfoil. Both results show the tendency of the experimental data, confirming the validity of this method. Furthermore, the flow around several objects is examined and the generality of the overset grid method is verified. Two demonstrations of the unsteady computation flapping airfoil, and a section of a vertical-axis wind turbine with three rotors are also described.
Introduction
The aerodynamic coefficients of an airplane in cruise conditions can be predicted accurately by current CFD analysis for steady flows, which becomes a practical tool for airplane design. However, flows around most fluid machines and living things have strong unsteadiness. Many fluid machines rotate, and birds and fish use flapping motions of wings and fins for lift and thrust generation. Although CFD can handle these unsteady flow problems, more effort is required to improve the efficiency, accuracy and applicability.
One of the present authors successfully applied the overset unstructured grid method 1) to simulation of separation of an airplane from a booster rocket and to an insect with flapping wings. [2] [3] [4] [5] Originally, the overset grid concept or so-called Chimera method was used for flow computations on structured grids. However, because it requires a number of overlapping structured grids for simulation of 3D complex geometries, pre-processing for Chimera computation becomes more complicated. The advantage of using unstructured grids instead of structured grids is the simplicity for handling complex geometries. The simulation of separation between an airplane and booster rocket, each with complex geometries, required only two unstructured grids: one for the airplane and one for the rocket. Pre-processing for overset grids including Chimera-grids and intergrid-boundaries is performed automatically and efficiently in this simulation.
The object of this study is to extend the overset unstructured method to handle highly unsteady flows caused by a number of moving bodies. First, for overlapping of multiple grids, the pre-processing is revised to exchange data between overlapping grids. Second, for unsteady flow by moving multiple objects, the time accuracy of the method is enhanced by the dual time-stepping method 6, 7) coupled with LU-SGS implicit time integration.
8)
The presented method is validated by comparison of inviscid and viscous unsteady flow computations with experimental results around the pitching NACA0012 airfoil. 9) Then, the ability of the method to handle unsteady flows with two or more objects is demonstrated by a vertical-axis wind turbine with three rotors and a plunging airfoil.
Numerical Method

Extension of overset method on unstructured grid
The overset unstructured grid method is modified to treat a number of grids simultaneously. At multiple grids overlapping, the Chimera-hole and intergrid-boundary domains are determined automatically.
Conventional method
As mentioned, [1] [2] [3] [4] [5] the technique for Chimera-hole cutting and intergrid-boundary definition consists of two indices. First, a nodal index called 'nodal activity' is defined by the distance from each node to the wall boundaries. There are two kinds of index: 'active', and 'non-active'. Here, it is assumed that the active and non-active nodes are assigned 1 and 0, respectively. The active nodes are close to the involved wall boundary and non-active nodes are close to the non-involved wall boundary. The diagram is shown in Fig. 1 where two grids called grid A and B include each wall boundary. Grid A includes grid B. The black bullets are nodes belonging to grid A and open circles are nodes belonging to grid B. By comparing the wall distances, all nodes are divided into the two kinds for the nodal activity index.
Second, an index of cells called 'cell activity' is defined by using the nodal activity index. This is different from Ó 2008 The Japan Society for Aeronautical and Space Sciences the nodal activity index, and there are three kinds of index about cell activity: 'active', 'non-active' and 'intergridboundary', determined by indices of nodes constituting the computational cell. Here, it is assumed that the active, non-active and intergrid-boundary cells are assigned 1, À1 and 0, respectively. A cell becomes active cell constituted from only active nodes. On the other hand, a cell becomes non-active cell constituted from only non-active nodes. If active and non-active nodes are mixed in a cell, the cell becomes intergrid-boundary cell, which occupies the overlapped area. The kinds of indices are shown in Fig. 2 . The flow computation is implemented in active and intergrid-boundary cells. Furthermore, the flow information is exchanged through intergrid-boundary cells between overlapped regions. The non-active cells are not used for computation. These indices decision techniques are the key to the conventional unstructured overset grid method. However, it is difficult to treat multiple overlapping grids by the conventional method.
Present method
In the conventional method, two indices are used to construct overset grids. However, in the present method, three indices are needed to treat multiple overlapping grids. Moreover, these indices, which are used even in the conventional method, are decided between grids one by one. The schematic of the relationships is shown in Fig. 3 . When the number of the grids is n, there are n C 2 relations. Indices are defined for each pair of grids, consequently, (n À 1) indices are decided in all nodes and cells. The cell activity indices of a cell of grid A are decided as shown in the schematic in Fig. 4 . This cell becomes the non-active cell for grid B while it becomes the active cell for grid C. Here, a new index is used to make the final decision about whether a cell can be used for flow computation or not. The index role is to unify these cell activity indices. The new index 'cell activity þ ' is decided according to the diagram in Fig. 5 . This diagram assumes three overlapping grids and a pair Parent cells, which are needed for the interpolation stencil, must be searched for all child nodes. For several overlapping grids, a child node can be included in several parent cells. In this study, variables of all parent cells are averaged and interpolated. An area coordinate rule is used for interpolation of flow variables in intergrid-boundary þ cells. This interpolation generates a small error for the conservation law, like most Chimera-methods. For flows where the conservation law is critical, such as internal flows, a more accurate interpolation technique, such as the least-squares method, 10) should be used.
LU-SGS coupled with dual time-stepping method
The 2D flow solver was revised from the TAS (Tohoku University Aerodynamic Simulation) Code 11) that solves the Euler and Navies-Stokes equations by using a finitevolume cell-vertex scheme on tetrahedral and hybrid unstructured grids. The numerical flux normal to the control volume boundary is computed using an approximate Riemann solver of HLLEW.
12) The second-order spatial accuracy is achieved by linear reconstruction of the primitive variables inside the control volume using the least-squares method with Venkatakrishnan's limiter. 13) To recapture the unsteady phenomenon, explicit or implicit time integration should be selected. The explicit scheme is easier for coding but the limitation due to the CFL number is critical. Since the overset method can represent the large displacement, implicit time integration is selected here. The Lower/Upper Symmetric Gauss-Seidel (LU-SGS) implicit method, including the dual timestepping method for unstructured grids, is used for time integration.
The time-dependent Reynolds-averaged Navier-Stokes equations for moving bodies can be expressed in integral form as follows:
The term v g indicates the velocity vector of the grid. Equation (1) is integrated in control volume
Here, the control volume surrounding node i is represented as V i . The node j surrounds the node i. These are transformed as follows, f ¼ F Á n, g ¼ G Á n and v g ¼ v g Á n in Eq. (2). The time-dependent term is discretized in an implicit fashion by means of a second-order-accurate, three-point backwards difference in time. The expression is made easy to see by excluding the subscripts of i and ij.
For the dual time-stepping method, the fictitious time term is added to Eq. (3).
Here, the subscripts m and n indicate fictitious and physical time steps. When the fictitious step m ! 1, ideally the physical step n ! ðn þ 1Þ. The relation is expressed as follows:
From the first-order Taylor expansion,
m and the flux difference splitting method is employed.
A is the Jacobian @ f =@Q. A þ and A À is a Jacobian matrix made by positive and negative eigenvalues. Spectral decomposition is applied to the term.
Here, & A is the spectral radius. In Jacobian A, velocity vectors are included in the velocity term for the surface of control volume Qv g .
From the Jacobian matrix characteristics, the formula is transformed by AE jðiÞ ÁSA ¼ 0 and an approximation of AÁQ ¼ ð@ f =@QÞÁQ ¼ Á f Ã . LU-decomposition is applied to the equations, and the LU-SGS forward and backward sweeps are expressed as follows:
For the term with subscript m, the time step is advanced with a fictitious time step. This study used a local time-step technique to accelerate convergence in the inner iteration.
Validation
Inviscid flow simulation about pitching NACA0012
airfoil To validate the present method for the inviscid flow computations, the computed results were compared with the experiment on the pitching NACA0012 airfoil.
9) The freestream Mach number is M 1 ¼ 0:755. The airfoil movement is described by the following expression:
The center of oscillation is located on quarter chord length from the leading edge. In this case, m ¼ 0:016 , 0 ¼ 2:51
, and k ¼ ð!cÞ=ð2U 1 Þ ¼ 0:0814. The unsteady computation is started from the converged steady result. The grid properties and overviews are shown in Table 1 and Fig. 6 . The computational region consists of two grids.
The pressure coefficient distributions and time history of the lift coefficient with the angle of attack are shown in Figs. 7-9. These lines represent the results of inviscid flow computations using different time steps, and the circular symbols are the experimental results. All the cases, 180, 360 and 720 time steps per one pitching cycle show agreement, confirming the time-step convergence. From Figs. 7 and 8, the shock wave is captured more strongly by the computational results are larger than the computational results because of the inviscid simulation. In Fig. 9 , the lift coefficient of experimental results are larger than one of computational results through all the angles of attack. A similar trend is seen in other computational results. 6, 14) 3.2. Viscous flow simulation about pitching NACA0012 airfoil Next, the present method was validated for viscous flow computations. The expression for the pitching motion is rep- Table 2 . To capture the boundary layer along the airfoil surface, quadrilateral computational cells are added and the Spalart-Allmaras turbulence model is used.
Unlike the previous inviscid case, computational results show discrepancy as shown in Figs. 10-12 . In the viscous flow simulation, smaller time steps are needed to capture unsteadiness correctly. On the other hand, the numerical results miss the experimental data near ¼ 5:11 in Fig. 12 . During the pitch-down motion at high angle of attack, the lift coefficient decreases rapidly in the present computation. Better agreement using the structured grid is described in reference 15). Present calculation and that in reference 15) differ in the time integration for the unsteady simulation, and grid size. . The installation angle for the airfoil rotation direction is 0 . The unsteady calculation is started from the converged results, and the rotational speed is kept constant. The entire flow field is covered by four grids. These grid properties and an overview are shown in Table 3 and Fig. 13 .
The vertical-axis wind turbine rotates using the force generated by the airfoil. Therefore, for efficiency, it is important to minimize the stall period of each airfoil as much as possible. To check flow separation during rotation, the vorticity magnitude distributions are shown in Fig. 14 A-D. The freestream comes from the left side to the right side and the wind turbine is rotating anticlockwise. Flow separation and vortex shedding occur at most positions in the rotation.
The thrust coefficients around one and three airfoils corresponding to the angle of rotation are shown in Figs. 15 and 16. Here, thrust means the component of the force in the circumferential direction, and positive thrust is defined as being in the same direction as the rotation. The rotational angle is anticlockwise defined as Fig. 14 . Here, the thrust coefficient is defined as follows:
A large thrust peak is observed at a phase of about 120 (Fig. 15) . It is caused by a suction peak at the leading edge (Fig. 17) , which is the pressure coefficient distribution around the airfoil. The thrust coefficients around one airfoil and three airfoils through the whole phase are shown to be nearly always positive and changing periodically by 120 so that suction at this location greatly affects rotation. 
Simulation around plunging NACA0012
Finally, a plunging NACA0012 airfoil was simulated. 180 correspond with the uppermost and lowermost positions, respectively. Because the airfoil is only plunging symmetrically, the lift coefficient is canceled out and averages zero through the cycle (Fig. 21) . However, the thrust coefficient is positive through most phases (Fig. 22) due to the suction peak at the leading edge (Figs. 19 and 20) .
Conclusion
The overset unstructured grid method was extended to treat unsteady flows around multiple bodies with large movements. The accuracy of the present method with moving boundaries was validated by inviscid and viscous unsteady computations about a pitching NACA0012 airfoil. In both simulations, the lift coefficient history and pressure coefficient distributions reproduce the hysterics due to unsteady flows and show good agreement with experimental data.
The applicability of the method for multiple overset grids was demonstrated by computing a rotating vertical-axis wind turbine. The mechanism shows that the rotational thrust is generated by a suction peak at a particular location of the airfoils. It was also applied to an airfoil with plunging motion to show that a suction peak can generate thrust in an unsteady flow without any pitching. 
